In this letter, we report on optical channel waveguides in Nd: YVO 4 crystals produced by photographic masking and following direct O + ion implantation at 3.0 MeV. Annealing treatments of the samples are performed to improve the waveguide stability and to reduce losses. An increase of the ordinary refractive index induced by the implantation is believed to be responsible for waveguide formation. Quasi-TM guided modes are observed, while no quasi-TE ones are detected. The optical damping coefficients are of 0.43, 0.63, and 0.54 cm −1 for channel waveguides with widths of 4, 5, and 6 m, respectively. The result of modal analysis is in agreement with the experimental data. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2177632͔ Neodymium-doped yttrium orthovanadate ͑Nd: YVO 4 ͒ is one of the most efficient laser host crystals due to its high absorption coefficient at appropriate pump wavelengths and a large stimulated emission cross section at the lasing wavelength of 1064 nm.
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1 Stable and cost-effective diode pumped Nd: YVO 4 solid-state lasers have become mature commercial products. Compared with other laser materials, for example Nd:YAG and Nd:YLF, Nd: YVO 4 lasers possess the advantages of higher slope efficiency and lower lasing threshold. 2 Recent research shows that, due to the small size of the waveguides, waveguide lasers could be used as highaverage-power sources because of a combination of attractive features, such as high optical gain and compatibility with high-power diode pump sources. 3 The realization of such lasers for the first step requires fabrication of waveguides in the laser crystals. Different techniques have been used so far to produce waveguide structures in oxide crystals, for instance, metal diffusion, sputtering, ion exchange, and ion implantation. [4] [5] [6] [7] As one of the important techniques for material-property modification, ion implantation has been proved to be an intriguing method to produce both planar and channel optical waveguides by holding accurate control of both the dopant's depth and refractive indices of the materials. 8 Particularly, it may be the only effective way to fabricate permanent waveguides in some oxide crystals with low Curie temperatures, such as KNbO 3 ͑Ref. 9͒ or SBN. 10 Moreover, ion implantation is an unequilibrium process and in some aspects independent of the property of substrate samples, which makes it suitable for waveguide formation in various materials, including crystals, glasses, and semiconductors. [11] [12] [13] Recently, we have reported the planar optical waveguides in Nd: YVO 4 by Si + ion implantation. 14 Alternatively, Nd-diffused YVO 4 planar waveguides have been demonstrated that exhibit similar properties like Nd: YVO 4 bulk samples. 15 In this letter, we report channel waveguides in Nd: YVO 4 sist as a direct implantation mask ͑see Fig. 1͒ . For comparison and the determination of the obtained refractive index changes, some areas of the sample are not covered by the photoresist to allow for planar waveguide formation. By SRIM 2003 ͑stopping and ranges of ions in matter͒ simulations 16 the penetration depths of the O + ions in Nd: YVO 4 are calculated to be about 2.2 m, whereas the same ions are stopped within the photoresist layer. After ion implantation the photoresist mask is removed. Finally, the end faces of the sample are polished to optical quality to allow for direct end-face coupling of light.
The implantation induces a positive change of the ordinary refractive index ͑n o ͒ in the unprotected surface of the Nd: YVO 4 surface: 14 Channel waveguides are fabricated on the sample surface with typical cross sections of ͑4-6͒ ϫ 2.2 m 2 and light propagation direction along the a axis of the crystal. Figure 2 shows the schematic of the experimental setup. A linearly polarized He-Ne laser with a wavelength of 632.8 nm is used to be the light source. A neutral density filter and a half-wave plate are used for control of optical power and light polarization. A 40ϫ microscope objective lens injects the light into the waveguides, and a second 40ϫ lens collects it from the rear facet of the crystal. The two objective lenses are located on two threedimensional ͑3D͒ optical stages, respectively. The waveguide sample is placed on a six-dimensional ͑6D͒ optical stage, which makes it both movable along the x, y, or z axes and rotatable within the x-y, y-z, or z-x planes. The crystal's output facet is imaged onto a CCD camera. A PC is connected to the CCD, which is used to analyze the experimental data.
To analyze the obtained index profiles we investigate the refractive index changes in the homogeneously implanted regions of planar waveguides. We perform a simulation of the 3.0 MeV O + ion implantation into Nd: YVO 4 using the computer code SRIM 2003. 16 The calculated average projected range of the O + ions in the crystal is ϳ2 m with a longitudinal straggle of 0.2 m. In a planar waveguide configuration, ion implantation into Nd: YVO 4 generates, for n o , an index-increased well in the guided region while an indexdecreased barrier at the end of the ion track appears. Table I shows the ordinary index changes of Nd: YVO 4 before and after annealing treatment obtained by mode spectroscopy. 14 As one can see, alternating the annealing conditions could make the refractive index change further, which offers the possibility to control the waveguide modal property. Figure 3 depicts the near-field intensity distribution of the transverse magnetic ͑TM͒ mode from the output facet of the channel waveguides formed by the O + ion implantation after annealing at 260°C for 30 min: ͑a͒ and ͑b͒ TM 00 , TM 10 for a 4 m wide; ͑c͒ TM 20 for a 5 m wide; and ͑d͒ TM 11 for a 6 m wide channel. Because of the large refractive index increase ͑⌬n o ϳ 0.1͒ induced by the implantation, the formed channels are multimode waveguides. Further annealing treatment at 260°C for 120 min changes almost nothing of n o , which means the waveguides are quite stable at 260°C. While annealing further at 360°C for 120 min, the refractive index of the guided region considerably decreases, resulting in single-mode waveguide formation; see served at the rear facet of the sample. This is because the implantation reduces the anisotropy and hence the birefringence, resulting in n o increasing ͑guiding͒ while n e decreases ͑nonguiding͒.
The optical damping coefficients of the single-mode channel waveguides are measured by a Fabry-Perot resonance method, investigating the power-oscillation effects at the output facet of the sample when slightly heating the samples, considering Fresnel reflection of 10.9% at the aircrystal interface. 17 The average damping coefficients of 0.42, 0.63, and 0.54 cm −1 are obtained for the 4, 5, and 6 m wide channel waveguides, which correspond to 1.8, 2.7, and 2.3 dB/ cm of optical attenuation, respectively. The propagation losses are expected to be reduced further by optimization of the fabrication process.
A refractive index profile with steplike distribution of the channel waveguides can be constructed by considering the indices of waveguide, barrier, and substrate region ͑see Fig.  4͒ . According to such a model, the guided modes of the channels are calculated by a finite difference beam propagation method ͑FD-BPM͒, which can compute the propagation of light in arbitrary waveguide geometries by solving the parabolic or paraxial approximation of the Helmholtz equation. 18 For simplification, the transverse cross sections of the waveguides are supposed to be rectangular, which may be justified by the low transverse straggle of 0.2 m that is less than 10% of the total range. Since only n o of the implanted regions in Nd: YVO 4 increases by the implantation, only quasi-TM modes are guided. Figures 5͑a͒-5͑e͒ shows the computed contour transverse modal profiles corresponding to the near-field patterns in Fig. 3͑a͒-3͑e͒ of our channel waveguide samples. As one can see, there is a reasonable agreement of mode profile calculation with the experimental results, which supports the assumed simplified model of a rectangular refractive index profile. Nevertheless, a better understanding of the index profiles of waveguides requires further investigation.
In summary, channel waveguides in Nd: YVO 4 crystals are fabricated by 3.0 MeV O + ion implantation using a photoresist-stripe mask. The formed multimode channels could become single-mode waveguides with relatively low losses by suitable annealing. Modal analysis based on a simple model of rectangular, homogeneous refractive index waveguide profiles is performed by FD-BPM method, which is considered to be helpful to estimate the fabrication parameters of the channel waveguides. FIG. 5 . Calculated contour plots of the modal distribution of quasi-TM modes for our Nd: YVO 4 channel waveguides: ͑a͒ TM 00 ; ͑b͒ TM 10 of 4 m wide; ͑c͒ TM 20 of 5 m wide; and ͑d͒ TM 11 of 6 m wide channels after annealing at 260°C for 30 min; and ͑e͒ TM 00 of 4 m wide waveguide after annealing at 260°C for 150 min+ 360°C for 120 min. The launch field of a Gaussian beam with wavelength 632.8 nm and a transverse width ͑FWHM͒ of 5 m is used. The parameters of n wg , n bar , and n sub are from Table I. 
